Mammalian LGR4, 5, and 6 are seven transmembrane receptors important for diverse physiological processes. These receptors are orthologous to DLGR2, a Drosophila receptor activated by the burs/pburs heterodimer important for morphogenesis. Although recent studies indicated that four R-spondin proteins are cognate ligands for LGR4, 5, and 6 receptors, several BMP antagonists in vertebrates have been postulated to be orthologous to burs and pburs. Based on newly available genome sequences, we now showed norrin is a vertebrate ortholog for insect burs and pburs and stimulates Wnt signaling mediated by LGR4, but not LGR5 and 6, in 
Introduction
LGRs (Leucine-rich repeat-containing, G-protein coupled Receptors) represent an evolutionary conserved group of seven-transmembrane receptors consisting of three subgroups in mammals (Hsu et al., 2000) . Subgroup A LGRs interacts with glycoprotein hormones whereas those in subgroup C are receptors for relaxin and INSL3 (Hsu et al., 2002) . As for the subgroup B LGRs, the orthologous fly DLGR2 for mammalian LGR4/5/6 is important for cuticle hardening and morphogenesis in insects (Luo et al., 2005) . In addition to the well-established role of LGR5 as a marker for adult stem cells (Barker and Clevers, 2010) , LGR4 is expressed in proliferating cells of diverse tissues, including adult stem cells and progenitor cells. LGR4 null mice exhibited intrauterine growth retardation associated with embryonic and perinatal lethality (Mazerbourg et al., 2004) .
Proteins with a cystine knot motif are usually secreted by cells and play important roles in extracellular signaling in multicellular metazoans (Avsian-Kretchmer and Hsueh, 2004) . DLGR2 interacts with the heterodimeric bursicon consisting of two cystine knot-containing ligands burs and pburs, leading to increases in cAMP production (Luo et al., 2005) . In contrast, vertebrate
LGR4, 5, and 6 were recently found to associate with Wnt receptors and mediate R-spondin signaling (Carmon et al., 2011; de Lau et al., 2011; Glinka et al., 2011) . The four R-spondin proteins contain two cysteine-rich, furin-like repeats and a single thrombospondin domain (de Lau et al., 2012) distinct from burs and pburs proteins. Although vertebrate cystine knotcontaining BMP antagonists have been proposed as orthologs for the fly burs and pburs (Luo et al., 2005) , no studies demonstrated the ability of BMP antagonists to interact with vertebrate
LGR4/5/6 receptors.
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In humans, norrin mutations were found in patients with Norrie disease, an X-linked disorder characterized by hypovascularization of the retina and a severe loss of visual function.
Vascular defects, sensori-neural deafness and blindness were also found in norrin null mice (Rehm et al., 2002) . More than 70 norrin mutations have been identified in patients with the Norrie disease with several more norrin mutations found in Familial Exudative Vitroretinopathy, Coates disease, and retinopathy of prematurity (Berger et al., 1992) .
With the completion of more genome sequencing projects, we traced the evolution of genes related to burs and pburs and found vertebrate norrin to be an ortholog for invertebrate burs and pburs genes. In contrast to the stimulation of G-protein coupling by the heterodimeric burs/pburs, norrin stimulates Wnt signaling mediated by LGR4, but not LGR5 and LGR6, in mammalian cells. Combined with the known roles of norrin as a ligand for Frizzled4 (Fzl4) (Xu et al., 2004) and as a BMP antagonist (Xu et al., 2012) , our studies indicated that norrin interacts with three distinct receptors/binding proteins.
Results

Norrin is the mammalian ortholog for fly burs and pburs.
Based on sequence homology, the cystine-knot-containing BMP antagonists gremlin and DAN in vertebrates have been found to be closely related to insect burs or pburs genes (Avsian- Kretchmer and Hsueh, 2004) . We identified gremlin and DAN orthologs in insects (gremlin-Tc, DAN-Tc and DAN-Ap) and other invertebrates (gremlin-Nv, gremlin-like-Hm, and gremlin-Hm) (Fig.1A, solid circles) . After alignment of these proteins with vertebrate cystine-knot-containing proteins, it became evident that norrin is a burs/pburs ortholog in vertebrates, based on both high sequence similarity and the conserved 11 cysteine structure distinct from the 9 or 10 cysteine Journal of Cell Science Accepted manuscript structure found in gremlin/DAN subfamilies ( Fig.1A; Supplementary material Fig. S1 ). Based on the ability of fly burs/pburs heterodimers to activate the cAMP pathway mediated by fly DLGR2 (Luo et al., 2005) , we investigated potential G protein signaling mediated by LGR4/5/6. As shown in Supplementary material Fig. S2 , norrin is not capable of stimulating different G proteins (Gs, Gi, Gq, and G12)-mediated by LGR4, 5, or 6 based on the monitoring of CRE-, SRE-, NFAT-and SRF-RE reporter assays (Cheng et al., 2010) . Based on the ability of LGR4, 5, and 6 to mediate Wnt signaling (de Lau et al., 2011) , we further tested the ability of norrin to activate Wnt signaling mediated by these receptors. HEK293T cells were transfected with a luciferase reporter under the control of 7 LEF/TCF binding sites (Super TOPFLASH) and LGR4, together with those for norrin and related genes (gremlin, gremlin2 and DAN). As shown in Fig.1B , over-expression of increasing amounts of norrin, but not gremlin, gremlin2 or DAN, stimulated Wnt signaling mediated by LGR4 as reflected by increases in TOP-luciferase reporter activity. We also showed the expression of gremlin, gremlin2 and DAN after transfection into HEK293T cells (Supplementary material Fig. S3 ). Based on the ability of norrin to increase β-catenin levels mediated by Fzl4 in mouse L cells (Xu et al., 2004) , we further demonstrated increases in β-catenin levels after transfection of L cells with plasmids for both norrin and LGR4
(Supplementary material Fig. S4 ).
Norrin is a cognate ligand for LGR4.
The specificity of norrin activation of LGR4 was further tested in cells transfected with increasing amounts of norrin, together with different receptors. As shown in Fig.2A , cells expressing human (h) or mouse (m) LGR4, but not human LGR5 or LGR6, responded to norrin with increases in Wnt signaling. Because the leucine-rich repeat-containing ectodomains of
LGR proteins are capable of binding ligands whereas the seven-transmembrane and C-terminal tails are important for signaling (Kudo et al., 1996) , we constructed chimeric receptors by swapping different domains. Overexpression of chimeric receptor LGR4/5, consisting of the ectodomain of LGR4 and transmembrane and C-tail of LGR5, conferred Wnt signaling by norrin ( Fig.2A) . In contrast, overexpression of chimeric LGR5/4, consisting of LGR5 ectodomain and transmembrane and C-tail of LGR4 did not increase Wnt signaling. Consistent with earlier findings (Carmon et al., 2011; de Lau et al., 2011) , comparable stimulation of Wnt signaling by Wnt3A and R-spondin2, was observed for all LGR receptors tested. These findings suggest that
LGR4, 5, and 6 are all capable of signaling through the Wnt pathway; however, norrin can only activate LGR4.
Because LGR4 associates with Wnt receptors and mediate Wnt and R-spondin signaling augmented by the low-density lipoprotein-related receptor LRP6 Carmon et al., 2011; de Lau et al., 2011) , we further tested norrin signaling in the presence of Wnt3A, Rspondin2, and LRP5/6 co-receptors. As shown in Fig LGR4 plasmid restored norrin-induced Wnt signaling (lanes 7 and 11 vs. lanes 6 and 10).
However, transfection with plasmids for LGR5 or LGR6 showed minimal effects (lanes 6 vs. 
Norrin activates Wnt signaling mediated by LGR4 and Fzl4.
Norrin, a secreted protein of 133 residues, is a known ligand for Fzl4, also capable of activating the Wnt signaling pathway (Xu et al., 2004) . As shown in Fig.2F , norrin stimulation of Wnt signaling mediated by Fzl4 is dependent on LRP5 or 6. We further compared norrin stimulation of LGR4 and Fzl4 under optimal conditions. HEK293T cells were transfected with Fzl4, norrin, and LRP5 to evaluate Fzl4 signaling whereas Wnt3A was also included to evaluate optimal LGR4 signaling. Under these conditions, transfection with increasing amounts of the norrin plasmid indicated that LGR4 (EC 50 : 0.15ug/culture) is 1.6-fold more responsive to norrin than Fzl4 (EC 50 : 0.24ug/culture) in stimulating TOP-luciferase activities (Fig.2G ).
AP-Norrin binds to LGR4, LGR5 and LGR6.
Because secreted norrin forms disulfide-linked oligomers to associate with the extracellular matrix (Perez-Vilar and Hill, 1997), earlier studies used an alkaline phosphatase (AP)-norrin chimera to evaluate norrin binding to Fzl4 (Xu et al., 2004) . The AP-norrin consists of the norrin molecule appended at its N-terminal end with alkaline phosphatase to facilitate secretion of the soluble protein and for easy detection. As shown in (Xu et al., 2004) . Based on the crystal structure of follicle stimulating hormone-beta, 6 of the 11 cysteine residues in the norrin protein form a cystine-knot structure (Fig.4A ). In addition, there are 4 beta-sheets and one alpha-helix in norrin. We constructed 16 norrin point mutants (15 single mutants and 1 double mutant) by focusing those found in patients with Norrie disease (GenBank) and residing in key cysteine residues and specific domains ( Although several mutants showed higher levels in the conditioned media than those found in the matrix, all mutants were expressed in comparable levels as compared to wild type norrin. LGR4 or Fzl4, but the degrees of signaling defects varied, suggesting disulfide bonds are important for binding these two receptors. Furthermore, four out of the five mutations ( Fig.4C; Supplementary material Fig. S11B ) found in the beta-sheets 1 and 2 (R41K, H43Q, V45E and L61F) showed major defects on Fzl4 signaling but had minimal impact on LGR4 signaling. In contrast, five of the seven mutations ( Fig.4D; Supplementary material Fig. S11C ) in beta-sheets 3 and 4 (P98L, A118D, R121G, I123N, and L124F) showed similar defects on signaling by both
LGR4 and Fzl4.
Discussion
Wnt/Frizzled signaling is involved in a variety of developmental processes including cell fate determination, cell polarity, tissue patterning, and control of cell proliferation (Wodarz and Nusse, 1998) . The canonical Wnt signaling pathway culminates in the accumulation of betacatenin, a transcriptional activator for the TCF (T cell factor)/LEF-1 (lymphoid enhancer factor 1) family of DNA binding proteins. Norrin is a small, cystine-knot containing, secreted protein with sequence homology to mammalian BMP antagonists (Avsian-Kretchmer and Hsueh, 2004) .
In addition to activating LGR4, norrin is also the ligand for the Fzl4 receptor, activating Wnt signaling together with the co-receptor LRP5 and an auxiliary membrane protein, Tspan12 (Ye et al., 2010) (Fig.5) . Although our data indicated that norrin is more potent in activating Wnt signaling mediated by LGR4 than Fzl4 (Fig. 2G) , the observed lower affinity of AP-norrin to
LGR4 than Fzl4 (Xu et al., 2004) could be due to interference by the large N-terminal AP domain. The other possibility is that the affinity of norrin for LGR4 is not particularly high.
Consistent with in vivo studies using Xenopus embryos (Xu et al., 2012) , our data showed that norrin, like closely related gremlin (Khokha et al., 2003) and DAN , is an Journal of Cell Science Accepted manuscript antagonist to BMP2/4, capable of blocking the SMAD1/5/8 pathway. Thus, norrin is at the junction of two important intracellular signaling pathways (Fig.5) . Although mediated through different domains, norrin could bind to either LGR4 or Fzl4 to activate Wnt signaling. It could also antagonize the actions of BMP2 and 4 proteins, by preventing the activation of serine kinase receptors for these extracellular ligands. Although most polypeptide ligands interact with one receptor or, in some cases, several paralogous receptors with similar evolutionary origins (BenShlomo and Hsueh, 2005) , the present findings provide a unique example of a polypeptide ligand interacting with more than two phylogenetically unrelated receptors/binding proteins.
In addition to studies using LGR4 null mice (Mazerbourg et al., 2004) , hypomorphic
LGR4 mutant mice showed a broad range of defects, including intestinal stem cell maintenance and Paneth cell differentiation (Mustata et al., 2011) , bone formation and remodeling (Luo et al., 2009 ), kidney organogenesis (Kato et al., 2006) , gall bladder and cystic duct development (Yamashita et al., 2009) , hair placode formation (Mohri et al., 2008) , keratinocyte proliferation (Wang et al., 2012) (Kato et al., 2007) , definite erythropoiesis (Song et al., 2008) , male reproductive tract development (Mendive et al., 2006) , and mammary gland morphogenesis (Oyama et al., 2011) . Similar to phenotypes found in norrin null mice (Rehm et al., 2002) , LGR4 null mice also showed reduced keratinocyte motility in the eye (Kato et al., 2007) and ocular anterior segment dysgenesis . Furthermore, conditional deletion of both
LGR4 and 5 genes in the mouse gut results in the rapid demise of intestinal crypts (de Lau et al., 2011) . When cultured ex vivo, LGR4-deficient crypts or progenitors, but not LGR5-deficient progenitors, die rapidly with marked down regulation of Wnt target genes (Mustata et al., 2011) .
In addition, LGR4 expression was increased in human colon cancers with higher levels associated with lymph node metastasis (Gao et al., 2006b ). The present identification of norrin as a specific ligand for LGR4 opens new avenues to study LGR4 and norrin physiology.
The evolutionary relationship of subgroup B LGR receptors and their ligands is becoming clearer. Norrin in vertebrates and burs and pburs in invertebrates (insect and Radiata) all contain 11 cysteine residues (Supplementary material Fig. S1 ). In contrast, gremlin and DAN from vertebrates and invertebrates have either 9 or 10 cysteine residues (missing C95 and C131, or missing C95 only). Our data also showed that C95, important for multimerization (Perez-Vilar Assuming the common ancestor of LGR4/5/6 is capable of binding both norrin and R-spondin,
LGR5 and 6 could retain norrin binding ability but lose their ability to mediate norrin signaling.
However, one cannot rule out the possibility that norrin signaling through LGR5/6 requires cofactors missing in the HEK293T cells.
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Consistent with the widespread expression of LGR4, norrin is also expressed in multiple tissues outside of the eye. Abnormalities associated with Norrie disease can be diverse, including mental retardation, deafness, seizures, behavioral problems, hypogonadism, and delayed development; specific abnormalities and their severity depend on the type and location of the norrin mutation. Our mutational analysis indicated few mutations affected norrin interaction with BMP4 but the functional domains of norrin required for LGR4 and Fzl4 activation are overlapping and distinct, thus likely explaining the diverse phenotypes found in Norrie disease patients. The important role of beta-sheets 1 and 2 of norrin for Fzl4 activation is consistent with earlier studies showing the role of the extended beta-sheet of norrin facing away from the interface of norrin homodimers for Fzl4 recognition (Smallwood et al., 2007) . It is likely that patients with mutations in beta-sheets 3 and 4, affecting both LGR4 and Fzl4 activation, could exhibit more severe phenotypes.
Materials and methods
Materials
Full-length cDNAs for norrin, gremlin, gremlin2, and DAN were subcloned into the pBudCE 4.1 plasmid and verified by DNA sequencing. Chimeric LGR4/5 and 5/4 were constructed by exchanging the ectodomains of mouse LGR4 and human LGR5 based on overlapping PCR using identical sequences preceding the first transmembrane domain. Super TOPFLASH plasmid and pSV-β-galactosidase control vector were purchased from the Promega. Recombinant Wnt3A, Rspondin 2, and BMP2 and 4 were from the R&D Systems.
Phylogenetic analysis
Protein sequences were aligned by ClustalW (Thompson et al., 1994) as implemented by MEGA 4 (Tamura et al., 2007) using the Neighbor-Joining method and 1,000 bootstrap replications.
Luciferase Assays
TOPFLASH-luciferase assays were performed by transfecting norrin plasmid as described previously with slight modifications (Xu et al., 2004) . Briefly, HEK293T cells were split into 24-well plates and at 24h later, transfected with empty vector or receptor plasmids (0.03ug), pSV-β-Gal (0.01ug), LRP5/6 (0.01ug) and/or increasing amounts of plasmids encoding norrin, gremlin, gremlin-2 and DAN using Lipofectamine™ 2000 (Invitrogen). At 24h after transfection, cells were treated for another 16h in serum-free medium with or without Wnt3A or R-spondin2.
Luciferase activities were determined using luciferase assay kits (Promega) and normalized using β-galactosidase activities. All experiments were performed at least three times with triplicates. For the BRE-luciferase assay, COS-7 cells were split to 24-well plates and at 24h later, transfected with 0.02ug BRE-luciferase reporter plasmid and 0.01ug pSV-β-Gal plasmid, together with empty vector or different doses of the norrin plasmid. Six h after transfection, the media were changed to fresh serum-containing media and cultured for 24h. BMP4/2 (20ng/ml) was then added to the serum-containing media and cultured for another 16h before luciferase assay.
Binding Assays
Production of AP (Alkaline phosphatase)-norrin proteins and affinity measurements were similar to previously described (Xu et al., 2004) . Briefly, the AP-norrin plasmid was transiently transfected into HEK293T cells and at 24h later, cells were cultured in serum-free media for 2 days. The supernatant containing AP-norrin was concentrated and diluted in PBS. The
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concentration of AP-norrin was quantified by AP activity assay (Genhunter). For the cell-based binding assay, endogenous LGR4 in HEK293T cells were first "knock-down" using siRNA-A as described (de Lau et al., 2011) . Cells were then culture in 24-well plates and transiently transfected with plasmids (0.3ug) for Fzl4, LGR4, LGR5, LGR6 or empty plasmids. At 48h after transfection, cells were grown to near confluence before incubation with AP-norrin for 90 min. at room temperature. At the end of incubation, cells were washed with HBSS containing 0.5 mg/ml BSA and 20 mM Hepes (pH 7.0) and bound AP activities were determined by using AP assay reagents (GenHunter). Data were analyzed using Graphpad Prism 5.0 and Kd values were calculated.
Generation of norrin mutants
Different Norrin mutants were generated by introducing point mutations using the Quickchange II site directed mutagenesis kit (Agilent Technologies). Briefly, overlapping primers with desired point mutations were used for amplifying wild type norrin. The parental plasmid was digested using the Dpn I enzyme and the newly synthesized plasmid was further used as a template for PCR amplification of norrin mutants before sub-cloning into the pBudCE 4.1 plasmid. To generate double mutants, the single mutants were used as templates to introduce the second point mutation. The clones with desired point mutations were selected and verified based on sequencing.
Modeling norrin structure
The three-dimensional norrin structure was modeled using the Phyre server (Kelley and Sternberg, 2009) , based the crystal structure of human follicle stimulating hormone-beta (PDB id: 1xwd) and the high resolution norrin structure image was created in CCP4MG (Potterton et al., 2004) .
Quantitative RT-PCR
Two siRNAs directed at the 3' untranslated region of human LGR4 were made by Thermo Scientific Dharmacon. Sense sequences: A, 5'-gaaaguaaacuguggucaauu-3'; B, 5'-gguaagaaacuccuaauuauu-3'; scrambled (S) Non-Targeting Pool from Dharmacon as a negative control. The total RNAs were isolated using a RNA extraction kit (Qiagen) and eluted with RNase-free, DEPC-treated water before treatment with DNase. After reverse transcription using sensiscript RT kit (Qiagen), quantitative PCR were performed in triplicates using iTaq SYBR Green Supermix kit (Bio-Rad). Expression levels for LGR4 was normalized based on GAPDH levels. The q-PCR primers are as shown: qPCRhLGR4-5':CTTTGTTTGCCATTTCCTA, qPCRhLGR4-3': CTAGTGAGTTTAATAGCACTAA.
Immunocytochemical staining
Transfected HEK293T cells were stained with conditioned medium containing AP-norrin as described before (Xu et al., 2004) . Cells growing on coverslips (6-well plate) were transfected with pcDNA, LHR, LGR4, hLGR5, hLGR6, or Fzl4 (3ug/well) for 48h. Transfected cells were then cultured in serum-free media with 50nM AP-norrin at room temperature for 1h. After 
Sequences of cystine-knot proteins and LGR-B receptors for phylogenetic analysis
The protein sequences were retrieved from the GenBank database. The GenBank accession numbers for cystine-knot proteins are: pburs-Sk, XP_002732831; gremlin-like-Sk, NP_001164702; gremlin-Ce, NP_001256342; burs-like-Hm, XP_002156629; gremlin-Hm, XP_002162057; gremlin-like-Hm, XP_002160711; pburs-Dm, XP_001961531; gremlin-Nv, ABF06564; norrin-Xt, NP_001154869; norrin-Mm, NP_035013; norrin-Hs, NP_000257; gremlin-Hs ,NP_037504; gremlin2-Hs, AAH46632; DAN-Hs, CAM45836; gremlin2-Mm, NP_035955; gremlin-Mm, BAE22388; DAN-Mm, NP_032701; DAN-Xt, NP_001006826; gremlin-Xt, NP_001083746; burs-Dm, NP_650983; DAN-Sk, NP_001158417; gremlin-Sk, NP_001161561; DAN-Ap, BAH71755; pburs-Ap, XP_001946298; burs-Ap, XP_001946341; burs-Tc, NP_001107779; gremlin-Tc, XP_973724; DAN-Tc, XP_972176; pburs-Tc, NP_001107780; burs-Sp, NP_001103719; pburs-Sp, NP_001103717. Sequences of LGR-B receptors were retrieved from the GenBank: NP_476702, DLGR2-Dm, Drosophila melanogaster; XP_425441,LGR5-Ga, Gallus gallus; XP_003642780, LGR6-Gg, Gallus gallus; XP_426162, LGR4-Gg, Gallus gallus; XP_782167, DLGR2-Sp, Strongylocentrotus purpuratus; NP_003658, LGR5-Hs, Homo sapiens; BAD92980, LGR4-Hs, Homo sapiens; NP_001017403,
LGR6-Hs, Homo sapiens; NP_034325, LGR5-Mm, Mus musculus; NP_001028581, LGR6-Mm, Mus musculus; NP_766259, LGR4-Mm, Mus musculus; XP_002123281, LGR4-Ct, Ciona intestinalis; XP_002169896, DLGR2-Hm, Hydra magnipapillata; and XP_001635321, DLGR2-Nv, Nematostella vectensis.
Analysis of secreted gremlin, gremlin2 and DAN
HEK293T cells were transfected with gremlin, gremlin, or DAN plasmid or the empty vector.
One day later, cells were cultured in serum-free media for another 2 days. The concentrated media using Centricon was for used for immunoblotting analysis with v5 or myc antibody (Cell Signaling), respectively.
β-Catenin Stabilization Assay
Mouse L cells grown in 10% serum in a 6-well tray were transfected with empty vector or plasmids encoding norrin and/or LGR4 using Lipofectamine 2000 (Invitrogen). Thirty h after transfection, cells were incubated in serum-free medium for 8 h and then lysed in 500 ul lysis MgCl2 and 30 U/ml DNaseI) on ice for 1 h. After centrifugation to remove pellets, 400 µl of the supernatant were incubated for 1 h at 4°C with Concanavalin-A beads to adsorb junctional β-catenin (Xu et al., 2004) . Supernatants were cleared by centrifugation before immunoblotting using anti-β-catenin (Cell Signaling) and anti-GAPDH (Cell Signaling) antibodies.
MTT assay
HEK293T cells were transfected with different amounts of norrin or empty vector using Lipofectamine 2000 (Invitrogen). After 48 h culturing in 10% FBS, the number of viable cells was determined by using the Promega Cell Titer 96 MTT assay method.
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Expression analysis of norrin and its mutants in extracellular matrix and conditional media.
HEK293T cells cultured in 6-well plates were transfected with norrin and its mutants using Lipofectamine 2000 (Invitrogen). One day later, cells were culture in serum-free medium for three days. Conditioned media were concentrated (~30-50X) using Centricon before immunoblotting analysis. For the detection of norrin bound to the extracellular matrix (ECM), culture plates were washed once with 5ml PBS to remove detached cells. After removing residual media, 200ul of buffer containing 6 M guanidine hydrochloride were added and culture plates put on ice. Five min. later, plates were scraped multiple times to collect cell matrix-bound norrin and its mutants for immunoblotting analysis (Perez-Vilar and Hill, 1997). gremlin, and DAN. Genes with cystine-knot structures homologous to burs and pburs were categorized into three subfamilies by the ClustalW program (Thompson et al., 1994) . The phylogenetic tree was built with Mega 4 (Tamura et al., 2007) showed similar dose-response curves for both LGR4 and Fzl4. LGR4 Fzl4
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